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Yeast cytokinesisCytokinesis in yeast and mammalian cells is a highly coordinated process mediated by the constriction of an ac-
tomyosin ring. In yeasts, it is accompanied by the formation of a chitinous primary septum. Although much is
known about the regulation of cytokinesis in budding yeast, overlapping functions of redundant genes compli-
cates genetic analyses. Here, we investigated the effects of various deletion mutants on cytokinesis in the milk
yeast Kluyveromyces lactis. To determine the spatiotemporal parameters of cytokinesis components, live-cell im-
aging of ﬂuorophor-tagged KlMyo1 and a new Lifeact probe for KlAct1was employed. In contrast to Saccharomy-
ces cerevisiae, where deletion of ScMYO1 is lethal, Klmyo1 deletion was temperature-sensitive. Transmission and
scanning electron microscopy demonstrated that the Klmyo1 deletion cells had a defect in the formation of the
primary septum and in cell separation; this resultwas conﬁrmed by FACS analyses. Deletion of KlCYK3was lethal,
whereas in S. cerevisiae a cyk3 deletion is synthetically lethal with hof1 deletion. Growth of Klhof1mutants was
osmoremedial at 25 °C, as it is in S. cerevisiae. CYK3 and HOF1 genes cross-complemented in both species, sug-
gesting that they are functional homologs. Inn1, a common interactor for these two regulators, was essential in
both yeasts and the encoding genes did not cross-complement. The C2 domain of the Inn1 homologs conferred
species speciﬁcity. Thus, our work establishes K. lactis as a model yeast to study cytokinesis with less genetic re-
dundancy than S. cerevisiae. The viability of Klmyo1 deletions provides an advantage over budding yeast to study
actomyosin-independent cytokinesis.Moreover, the lethality ofKlcyk3nullmutants suggests that there are fewer
functional redundancies with KlHof1 in K. lactis.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Cytokinesis is theﬁnal event in the process of cell division; it ensures
cell proliferation in both prokaryotes and eukaryotes, and is a key essen-
tial feature of life [1]. In this process, two cells are separated after their
genomic DNA has been replicated and equally divided within the cyto-
plasm. In yeasts and mammalian cells, the concluding abscission of the
plasma membrane is usually initiated by the constriction of an actomy-
osin ring (AMR). The best studied yeast, Saccharomyces cerevisiae, has
served as a model organism to elucidate a great number of molecular
details related to AMR assembly, constriction and disassembly [2]. In
contrast to animal cells, yeasts have an essential cell wall, which deter-
mines their integrity and morphology [3]. Thus, AMR constriction is ac-
companied by the formation of a primary chitinous septum, followed by
the deposition of glucans and proteins into secondary septa from both
mother and daughter cells. The latter is accompanied by the accumula-
tion of cell wall integrity sensors at the bud neck [4]. Complete cell sep-
aration then depends on the controlled degradation of the primaryFachbereich Biologie/Chemie,
any. Tel.: +49 541 969 2290;
(J.J. Heinisch).septum and the connecting cell wall material, leaving scars on the sur-
faces of the mother (bud scar) and of the daughter cell (birth scar).
Hydrolysis of cell wall material in this step is driven by the RAM (regu-
lation of Ace2p activity and cellular morphogenesis) regulatory path-
way, which activates gene expression exclusively in the daughter cell
[5].
For the accurate execution of cytokinesis, S. cerevisiae relies on an in-
terplay between AMR constriction and the synthesis of a primary sep-
tum [2]. As a component of the AMR, the yeast myosin II (encoded by
the MYO1 gene) serves a crucial function. MYO1 deletion is lethal in
some genetic backgrounds and causes severe morphological defects in
others [6]. Myo1 is recruited to the incipient bud and to the bud neck
early during cytokinesis in a septin- and Iqg1-dependent manner, the
latter protein being the sole IQGAP in yeast, which is also required
both for AMR assembly and AMR-independent cytokinesis [2]. Later,
Myo1 is removed during AMR constriction (see [7], and references
therein). Thus, it is frequently used experimentally for timing the events
of cytokinesis (e.g. [8]). The role of three other proteins, Inn1, Hof1 and
Cyk3, which constrict together with the AMR, remains unclear despite
the fact that numerous studies have investigated their spatio-temporal
distribution and interactions [8–13]. These andmore recent studies sug-
gest that Inn1 and Cyk3 interact with the chitin synthase II (encoded by
CHS2) to activate chitin synthesis for the formation of the primary sep-
tum [14]. For Hof1, a similar role in primary septum formation is likely.
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rearrangement and in AMR contraction, regulated in a cell cycle-
dependent manner by the Dbf2 kinase [15]. In the latter process, Hof1
interacts both with Myo1 and Chs2 to coordinate AMR constriction
with primary septum synthesis [16]. Moreover, Dbf2 directly phosphor-
ylates Chs2 [17]. Inn1 also seems to be a common interactor, since it as-
sociates via its PXXPmotifs with the SH3domains of Hof1 and Cyk3, and
via its C2 domainwith Chs2 [8,11,14]. Inn1 activity is also cell cycle reg-
ulated: It is phosphorylated by Cdc28 (=Cdk1) and dephosphorylated
by the Cdc14 protein phosphatase [18]. In S. cerevisiae, Hof1 and Cyk3
serve partially overlapping functions: strains carryingdeletions in either
one of the encoding genes are viable, but are synthetically lethal [19]. As
expected, overexpression of INN1, CYK3 or HOF1 suppresses the growth
defects of a myo1 deletion, presumably by promoting the formation of
the primary septum in the absence of AMR constriction [8]. This notion
is supported by the fact that hof1 is also synthetically lethal withmyo1,
suggesting that a simultaneous lack of AMR constriction and primary
septum synthesis is deleterious [13]. Since deletions of INN1 and of its
recruiting IQGAP encoded by IQG1 are lethal inmost S. cerevisiae strains,
one would expect that the three proteins coordinate primary septum
synthesis with AMR constriction, supported by the ﬁnding that they ac-
tivate Chs2 [14].
The milk yeast Kluyveromyces lactis resembles S. cerevisiae in that it
divides by budding and is amenable to both classical and molecular
genetic manipulations. However, K. lactis has not undergone a whole
genome duplication and, thus, is genetically much less redundant.
Moreover, its energy metabolism is mainly respiratory and is not pri-
marily based on the glycolytic pathway [20]. To our knowledge, themo-
lecular mechanisms and regulatory processes governing cytokinesis in
this yeast have not yet been studied. Here, we provide the ﬁrst descrip-
tion of phenotypes for a set of deletion mutants (Klmyo1, Klhof1, Klcyk3,
Klinn1) affecting AMR and primary septum formation in K. lactis. The
sole gene encoding K. lactis myosin II (KlMYO1) was dispensable forTable 1
Yeast strains used in this work.
Strain Genotype
(A) K. lactis strains (all strains are derived from the congenic series described in [24])
KHO60 MATa/MATα ura3/ura3 leu2/leu2 ADE2/ade2::loxP H
KHO70 MATa/MATα ura3/ura3 leu2/leu2 ADE2/ade2::loxP H
DSA01 MATa/MATα ura3/ura3 leu2/leu2 ADE2/ade2::loxP H
DSA01-1A MATα ura3 leu2 his3::loxP myo1::kanMX ku80::loxP
KDR38-4A MATα ura3 leu2 his3::loxP ku80::loxP
KDR38-6B MATa ura3 leu2 his3::loxP ku80::loxP
KDR38-1D MATa ura3 leu2 his3::loxP myo1::kanMX
KDR38-5A MATα ura3 leu2 his3::loxP myo1::kanMX ku80::loxP
KDR39-2B MATa ura3 leu2 his3::loxP ku80::loxP
KDR39-3B MATα ura3 leu2 his3::loxP myo1::kanMX
KDR39-7A MATa ura3 leu2 his3::loxP myo1::kanMX ku80::loxP
KDR40-8A MATa ura3 leu2 his3::loxP MYO1-mCherry-ScURA3
KNH8 (=Os204) MATa/MATα ura3/ura3 leu2/leu2 ade2::loxP/ADE2 h
KHO60/hof1Δ (=OS193) MATa/MATα ura3/ura3 leu2/leu2 HIS3/his3::loxP AD
KNH10 MATa/MATα ura3/ura3 leu2/leu2 ade2::loxP/ADE2 h
KNH30-5A MATα ura3 leu2
KNH30-8B MATα ura3 leu2 his3::loxP kanMX-GAL1p-KlCYK3
KNH30-10B MATα ura3 leu2 his3::loxP kanMX-GAL1p-KlHOF1
KNH30-10A MATa ura3 leu2 his3::loxP kanMX-GAL1p-KlCYK3 ka
KNH34 MATα ura3 leu2 his3::loxP ku80::loxP kanMX-GAL1p
KNH37 MATα ura3 leu2 his3::loxP ku80::loxP KlCYK3–GFP–
(B) S. cerevisiae strains (all strains are isogenic to HD56-5A, except for the genes and ploid
HD56-4A MATα ura3-52 his3-11,15 leu2-3,112
DHD5 MATa/MATα ura3-52/ura3-52 leu2-3,112/ leu2-3,11
DAT01 MATa/MATα ura3-52/ura3-52 leu2-3,112/leu2-3,11
HAJ67-B MATα ura3-52 his3-11,15 leu2-3,112 hof1::SkHIS3
DAJ24 MATa/MATα ura3-52/ura3-52 leu2-3,112/leu2-3,11
DAJ34 MATa/MATα ura3-52/ura3-52 leu2-3,112/leu2-3,11
HOF1ΔSH3-3HA-KanMX/HOF1cytokinesis under normal growth conditions, but conferred a tempera-
ture sensitivity. In contrast to S. cerevisiae, deletion of KlCYK3was lethal.
A shared phenotype of the two yeast species is that cells lacking Hof1
are temperature-sensitive and depend on osmotic stabilization, and
that the INN1 homologs are essential in both species. Thus, our work es-
tablishes K. lactis as a model yeast to study cytokinesis with less genetic
redundancy than S. cerevisiae, which is especially suited for the investi-
gation of AMR-independent cytokinesis.
2. Materials and methods
2.1. Strains, genetic manipulations, media and culture conditions
Genotypes of yeast strains employed in this work are listed in
Table 1. For plasmid ampliﬁcation in E. coli, strain DH5α was used. For
genetic manipulations of yeasts and plasmid constructions, standard
procedures were followed as described before [21]. Rich media are
based on yeast extract (1%), peptone (2%) and the carbon source indi-
cated added at a concentration of 2%, i.e. glucose for YEPD, galactose
(YEPGal) or lactose (YEPLac). Synthetic media contained yeast nitrogen
base supplemented with ammonium sulfate, carbon sources as indicat-
ed, and with amino acids and bases as required, were according to [22].
A list of the plasmids employed is provided in Table 2, and sequences of
all plasmids are available upon request. Sequences of oligonucleotides
employed for cloning, including primers for PCR to provide fragments
for one-step gene replacements, are listed in Supplementary Table S1.
For the construction of the Lifeact probe, the K. lactis gene KlABP140,
a homolog of the actin binding protein encoding gene ABP140 of
S. cerevisiae, was ampliﬁed from genomic DNA of a wild type strain
with the oligonucleotides 12.677 and 12.602. The resulting PCR product
was digested with BglII and PacI and ligated into the vector pHPS767 to
obtain plasmid pDR24. Thiswas then digestedwith SpeI andHindIII and
the 1.4 kb product was subcloned into the vector pCXs20, digested withReference
IS3/his3::loxP [24]
IS3/his3::loxP ku80::loxP/ku80::loxP [24]
IS3/his3::loxP ku80::loxP/ku80::loxP MYO1/myo1::kanMX this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
is3::loxP/HIS3 cyk3::ScURA3/CYK3 this work
E2/ade2::loxP Klhof1::ScURA3/KlHOF1 this work
is3 ::loxP/HIS3 inn1::ScLEU2/INN1 this work
this work
this work
this work
nMX-GAL1p-KlHOF1 this work
-KlCYK3 MYO1-mCherry-ScURA3 this work
kanMX MYO1–mCherry–ScURA3 this work
ies indicated)
[37]
2 his3-11,15/ his3-11,15 [38]
2 his3-11,15/his3-11,15 myo1::KanMX/MYO1 This work
A. Jendretzki,
this laboratory
2 his3-11,15/his3-11,15 INN1/inn1::SpHIS3 [8]
2 his3-11,15/his3-11,15 CYK3ΔSH3-3HA-SkHIS3/CYK3 [8]
Table 2
Plasmids constructed and employed in this work.
Plasmid Replication origins and
selection markers
Gene, fragment Cloning strategies
pAJ023 2 μm, URA3, Ampr ScHOF1 ScHOF1 ampliﬁed with primers 04.30/08.64 and cloned as SacI/PstI into YEp3521
pAJ024 2 μm, URA3, Ampr ScCYK3 ScCYK3 ampliﬁed with primers 07.214/08.65 and cloned as EcoRI/SphI into YEp3521
pDR24 ScCEN4/ARS1, LEU2, Ampr ScHIS3p-KlABP140(1–30)-yEGFP KlABP140(1–30) ampliﬁed with primers 12.602/12.677 and cloned as BglII/PacI into
pHPS767 BamHI/PacI
pDR25 Klori, KlCEN2, LEU2, Ampr ScHIS3p-KlABP140(1–30)-yEGFP HindIII/SpeI fragment of pDR24 cloned into pCXs202 HindIII/XbaI
pDR35 Klori, KlCEN2, LEU2, Ampr kanMX-PFK2p-KlABP140(1–30)-yEGFP kanMX-PFK2p introduced by in vivo recombination into pDR25
pDR56 2 μm, LEU2, Ampr KlMYO1 SphI/SmaI fragment of pSA12 cloned into YEplac1813
pDR57 Klori, KlCEN2, LEU2, Ampr ScMYO1 SphI/SmaI fragment of pSA15 cloned into pCXs202
pDR58 Klori, KlCEN2, LEU2, Ampr KlMYO1 SphI/SmaI fragment of pSA12 cloned into pCXs202
pDR59 2 μm, LEU2, Ampr ScMYO1 SphI/SmaI fragment of pSA15 cloned into YEplac1813
pHPS750 ScCEN4/ARS1, LEU2, Ampr ScHIS3P BamHI/HindIII fragment ampliﬁed with primers 11.137/11.138 and cloned into pHPS2504
pHPS755 ScCEN4/ARS1, LEU2, Ampr ScHIS3P-AgABP140ABD- BamHI/SpeI fragment ampliﬁed with primers 11.145/11.146 and cloned into pHPS7504
pHPS767 ScCEN4/ARS1, LEU2, Ampr ScHIS3P-AgABP140ABD-yEGFP1 SpeI/PacI fragment ampliﬁed with primers 11.134/11.135 from pKT1285 and cloned into
pHPS755
pJJH1008 2 μm, URA3, Ampr KlINN1 KlINN1 ampliﬁed with primers 07.361/07.362 and cloned as EcoRI/BglII into YEp3521
EcoRI/BamHI
pJJH1070 Ampr kanMX-ScPFK2p ScPFK2p corresponding to fragment from pJJH716 cloned into pUG67 PvuII/SalI
pJJH1016 2 μm, URA3, Ampr KlHOF1 KlHOF1 ampliﬁed with primers 08.76/08.77 and cloned as BamHI/HindIII into YEp3521
pJJH1017 2 μm, URA3, Ampr KlCYC3 KlCYC3 ampliﬁed with primers 08.78/08.79 and cloned as BamHI/HindIII into YEp3521
pJJH1118 Kanr KlMYO1 KlMYO1 ampliﬁed with primers 08.199/08.200 and cloned as SphI/XhoI into pUK218
pJJH1620 Ampr EGFP–SkHIS3 monomeric EGFP ampliﬁed from pUK78-3myEGFP with primers 13.008/13.009 and
cloned as SalI/BglII into pFA6aHis3MX9
pJJH1825 Klori, ScCEN4/ARS1, LEU2, Ampr ScCYK3 EcoRI/SphI fragment of pAJ024 cloned into pCse242
pJJH1826 Klori, ScCEN4/ARS1, URA3, Ampr GFP–KlHOF1 GFP introduced by in vivo recombination into pNH110
pJJH1827 Klori, KlCEN2, LEU2, Ampr GFP–KlHOF1 BamHI/HindIII fragment of pJJH1826 cloned into pCse202
pNH75 Klori, KlCEN2, LEU2, Ampr ScHOF1 PstI/SacI fragment of pAJ023 cloned into pCXJ2010
pNH76 Klori, KlCEN2, URA3, Ampr ScINN1 BamHI/HindIII fragment of pAJ022 cloned into pCXJ1810
pNH93 Klori, ScCEN4/ARS1, URA3, Ampr ScCYK3 EcoRI/SphI fragment of pAJ024 cloned into pCXJ2210
pNH109 Klori, ScCEN4/ARS1, URA3, Ampr KlINN1 SalI/EcoRI fragment of pJJH1008 cloned into pCXJ2210
pNH110 Klori, ScCEN4/ARS1, URA3, Ampr KlHOF1 BamHI/HindIII fragment of pJJH1016 cloned into pCXJ2210
pNH117 Klori, ScCEN4/ARS1, URA3, Ampr KlINN1–GFP GFP introduced by in vivo recombination with pNH109
pNH120 Klori, ScCEN4/ARS1, URA3, Ampr ScHOF1 PstI/SacI fragment of pAJ023 cloned into pCXs222
pNH122 Klori, ScCEN4/ARS1, URA3, Ampr KlCYK3 BamHI/HindIII fragment of pJJH1017 cloned into pCXJ2210
pNH138 Klori, ScCEN4/ARS1, URA3, Ampr Sc1-420Kl421–1167-INN1 * BamHI/HindIII fragment of ScINN1 and BamHI/SalI fragment of KlINN1cloned into
pCXJ2210 SalI/HindIII
pNH139 Klori, ScCEN4/ARS1, URA3, Ampr Kl1-408Sc427–1230-INN1 * BamHI/SalI fragment of KlINN1 and SalI/HindIII fragment of ScINN1cloned into
pCXJ2210 BamHI/HindIII
pSA12 Klori, ScCEN4/ARS1, URA3, Ampr KlMYO1 SphI/XhoI fragment of pJJH1118 cloned into pCXs222 SphI/SalI
pSA15 Klori, ScCEN4/ARS1, URA3, Ampr ScMYO1 ScMYO1 ampliﬁed with primers 07.103/08.398 and cloned as PstI fragment into
pCXs222
For cloning of the wild-type genes, genomic DNA preparations from S. cerevisiae, K. lactis or Ashbya gossypiiwere used as templates for PCR ampliﬁcations with the indicated primer pairs
(see Supplementary Table S1 for sequences).
For cloning of the wild-type genes, genomic DNA preparations from S. cerevisiae, K. lactis or Ashbya gossypiiwere used as templates for PCR ampliﬁcations with the indicated primer pairs
(see Supplementary Table S1 for sequences).
*Numbers refer to the codons/amino acids retained from each yeast gene.
Vectors employed for subcloning have been described in 1 [39]; 2 [24]; 3 [40]; 4 [41]; 5 [27]; 6 [42]; 7 [25]; 8 [43]; 9 [26]; 10 [44].
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from plasmid pJJH1070 with the oligonucleotides 13.210 and 13.211
and employed for in vivo recombination with pDR25 with the diploid
K. lactis strain KHO70 as a recipient. The resulting plasmid (pDR35)
was isolated and ampliﬁed in E. coli and correct recombination was ver-
iﬁed by restriction analysis and sequencing.
For serial drop dilution assays, cells were grown overnight in rich
medium. The cultures were diluted to an OD600 of 0.25 and grown for
another 3–5 h. Cultures were adjusted to an OD600 of 0.1, and dilutions
from 10° to 10−3 were prepared. Each dilution (3 μl) was spotted onto
plates with the stress agents indicated and grown for 2–3 days at
30 °C, unless indicated otherwise.
2.2. Construction of deletion mutants and strains with tagged genes
Deletion mutants in K. lactis were obtained by one-step gene re-
placements as described for S. cerevisiae [23] either by using directly
PCR products obtained with primers generating approximately 40 bp
of homology at each end to the genomic target sequences, or by a
prior in vivo recombination with a plasmid-borne gene in S. cerevisiae
to obtain longer ﬂanking regions. Markers and procedures have beendescribed previously [24] and sequences of the resulting chromosomal
loci can be provided upon request. In short, the Klmyo1 deletion was
obtained by PCR ampliﬁcation of the kanMX marker cassette from
pUG6 [25] primed by the oligonucleotides 08.199/08.200. Heterozygous
diploids in strain KHO60 were selected for on medium containing
100 mg/l G418, veriﬁed by PCR and subjected to tetrad analysis. One
haploid segregant carrying the Klmyo1::kanMX allele, named DSA1-1A,
was chosen for further crossings.
For deletion of KlCYK3, a similar approach was used, amplifying
the ScURA3marker cassette from pJJH955U [24] with the oligonucleo-
tide pair 08.109/08.110. The Klhof1 deletion was generated with the
same marker cassette ampliﬁed with the oligonucleotides 08.107/
08.108 as primers. One wild-type allele of KlINN1 in the diploid strain
KHO60 was replaced by the ScLEU2 marker cassette ampliﬁed from
pJJH955L [24] with the oligonucleotide pair 08.68/08.69. To generate
the genomic KlMYO1–GFP fusion, a PCR product was obtained from
pFA6a–GFP(S65T)–kanMX [26] with the primer pair 08.373/08.399.
The genomicKlMYO1–mCherry fusionwas constructed by in vivo recom-
bination employing a PCR product obtained with the oligonucleotides
08.373/09.29 from template pKT128-mCherry [27]. Strain KHO60
was used as a recipient selecting for G418 resistance in both cases and
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for further crossings.
For KlCYK3–GFP, the respective cassette was ampliﬁed by PCR with
the oligonucleotide pair 08.85/08.176 from pFA6a–GFP(S65T)–kanMX
and the product used for in vivo recombination in the diploid K. lactis
strain KHO60. After veriﬁcation of the correct chromosomal organiza-
tion, segregants from a tetrad analysis were employed for further inves-
tigations. A genomic KlINN1–GFP fusion was obtained in a similar way,
by ampliﬁcation of the cassette with the oligonucleotides 08.83/
08.175 and subsequent in vivo recombination in strain KHO60, followed
by tetrad analysis. Plasmid pJJH1826 carrying GFP–KlHOF1 expressed
from the native KlHOF1 promoter was obtained by ampliﬁcation of
the GFP coding sequence from plasmid pJJH1620 (constructed by intro-
duction of a single GFP moiety from the triple GFP vector pUK78-
3myEGFP [28], as a PCR product with oligonucleotides 13.008/13.009
as a SalI/BglII fragment into pFA6aHis3MX [26] with the oligonucleo-
tides 14.198/14.199). The PCR product was transformed together with
pNH110 (KlHOF1) linearized at the single ClaI site into the S. cerevisiae
strain DHD5. After isolation from yeast, ampliﬁcation in E. coli, and ver-
iﬁcation by sequencing, pJJH1826 was introduced into the indicated
K. lactis strains for localization studies.
In order to overexpress either KlCYK3 or KlHOF1 from their original
loci, the ScGAL1p cassette was ampliﬁed together with the adjacent
SkHIS3marker from pFA6a-His3MX-pGAL1 [26] with the primer pairs
08.251/08.252 (KlCYK3) and 08.195/08.196 (KlHOF1) and introduced
for in vivo recombination into the diploidK. lactis strain KHO70. Descen-
dants of segregants with the appropriate constructs obtained after tet-
rad analyses were used for further studies.
2.3. Fluorescence microscopy
Details on microscope setup and standard procedures employed
have been published [8].
2.4. Electron microscopy
For transmission electron microscopy (TEM) cells were prepared
and imaged as described, previously [29]. Scanning electronmicroscopy
(SEM) was performed as follows. Cells were harvested by centrifuga-
tion and washed once with synthetic medium containing 2% glucose.
The cell density was adjusted to 5 × 106 cells ml−1. In a petri dish
with 100% air humidity, the yeast suspension was spotted onto glass
slides coated with gold and polylysine. Excess cells were aspirated
after 10 min. The bound yeast cells were washed three times with SC
medium and ﬁxed for 2.5 h at room temperature in 3% glutaraldehyde
prepared in 0.1 M sodium cacodylate buffer, pH 7.4 containing 1 mM
CaCl2 und 1 mM MgCl2 and were stored in this solution overnight at
4 °C. After washing four times for 10 min each with 0.1 M cacodylate
buffer (pH 7.4) the cells were post-ﬁxed for 2 h with 2% osmium
tetraoxide in the same buffer. Following four further washing steps for
10 min, each, with 0.05 M cacodylate buffer, the cells were ﬁxed for
1.5 h in tannic acid (1% in 0.05 M cacodylate buffer, pH 7.4), washed
four times for 10 min each in 0.9% NaCl, ﬁxed for 1.5 h in 0.5% uranyl
acetate and washed twice brieﬂy with double-distilledwater. The spec-
imenswere then dehydrated in a graded ethanol series (10–60%, 10min
each, followed by an overnight incubation in 70% ethanol and fur-
ther washes with 80–100% ethanol). After three additional incubations
in dehydrated ethanol for 15 min each, samples were transferred
through a graded series of isoamyl acetate/ethanol (25%, 50%, 75%,
plus three times 100%, 10 min each). The samples were critical-point
dried in a CPD 030 (Baltec/Leica Microsystems) using liquid CO2. After
12 exchanges of CO2 the temperature was increased to 38 °C and the
pressure to 84 bar. The dried specimenswere kept in a vacuum desicca-
tor, until use.
Dried samplesweremounted onto stubs, sputteredwith 5 nmargon
with a sputter coater K575X (Emitech) applying 1 kV and 20 mA andexamined in a Zeiss Auriga scanning electron microscope at an acceler-
ating voltage of 15–25 kV.
2.5. FACS analyses
Exponentially growing cells (total of 107 cells) were harvested by
centrifugation. For the comparison of wild type to deletion mutants,
two independent segregants of each were tested. For complementation
analyses with transformants, two independent transformants were
grown in each case. Cells were ﬁxed by resuspending the cell pellet in
1 ml of 95% ethanol. After another centrifugation in a microcentrifuge
at 2000g for 5 min, cells were washed with 1 ml citrate buffer (50 mM
sodium citrate, pH 7.4), harvested by centrifugation and resuspended
in 1ml of the same buffer. A 0.5 ml aliquot of the suspension was trans-
ferred to a new tube and 0.5 ml citrate buffer containing 0.5 mg/ml
RNase A were added to each sample, followed by an incubation for 2 h
at 37 °C. After one further washing step in 1 ml citrate buffer, the cells
were resuspended in 0.5 ml citrate buffer. DNA was stained by addition
of 0.5 ml of the same buffer containing 2 μMSytox Green. Samples were
applied to the FACS (BD FACSAriaTM). The settings for the detectors
were FCS 90 V, SSC 265 V and FITC 250 V. Cells (105) were measured
for each strain.
3. Results
3.1. KlMYO1 is not an essential gene
The contractile actomyosin ring (AMR, composed of Act1 andMyo1)
is a key structure that ensures the proper separation of cytoplasm in
the ﬁnal steps of cytokinesis in S. cerevisiae (reviewed in [2]). Scmyo1
deletion is lethal in most strain backgrounds, and in W303 strains, the
deletion causes severe morphological defects [6]. Fluorescently tagged
versions of Myo1 have frequently been employed for timing of cytoki-
nesis in baker's yeast (see [8], and references therein). As a basis to
investigate cytokinesis in K. lactis, we decided to ﬁrst clone and charac-
terize the KlMYO1 gene. A BLAST search of the K. lactis genome sequence
(http://genolevures.org/), using the ScMYO1 open reading frame as a
template, identiﬁed KlMYO1 (KLLAOE11595g) as the prime candidate,
which encodes a protein with 1848 amino acids (213.5 kDa). The de-
duced amino acid sequence displays an overall identity to ScMyo1 of
46%, with larger regions conserved in the N-terminus (66% identity of
ScMyo1150–600/KlMyo1130–570; Fig. 1A). Neither the proposed septin in-
teraction domain (residues 991–1180 in ScMyo1), nor the Iqg1/Mlc1
targeting domain (residues 1224–1307)was highly conserved. Arginine
residue 806, which was suggested to be crucial for the function of the
IQ1 domain in ScMyo1 [30], is also not conserved in KlMyo1.
The gene and its ﬂanking sequences were ampliﬁed from genomic
K. lactisDNA and a deletionwas obtained by one-step gene replacement
in the congenic diploid strain KHO70 [24], which carries a homozygous
ku80-deletion to favor homologous recombination. Correct substitution
of one of the KlMYO1 alleles by the kanMX marker cassette was con-
ﬁrmed by PCR analyses (see Fig. 1B for chromosomal organizations
and primers used). A subsequent tetrad analysis produced four viable
spores for 16 out of 20 tetrads analyzed,with no apparent growthdefect
associatedwith the segregants carrying the deletionmarker on richme-
dium at 30 °C (Fig. 1C). Haploid segregants with the Klmyo1::kanMX
substitution were then subjected tomore detailed phenotypic analyses.
Drop dilution assays revealed that the deletions displayed tempera-
ture sensitivity, as they grew well at 25 °C and 30 °C, but not at 35 °C
(Fig. 1D). The cell wall stress agents Calcoﬂuor white and Caspofungin
did not affect the deletion segregants more strongly than the wild
type (Supplementary Fig. S1). Thus, in K. lactisMyo1 is not essential.
To investigate a functional conservation, theKlMYO1 genewas intro-
duced on a multicopy vector into a heterozygous diploid strain of
S. cerevisiae (MYO1/myo1::kanMX), followed by tetrad analysis. In this
strain background, a myo1 deletion is lethal; the presence of viable
Fig. 1. Features and phenotypes of KlMYO1 and its deletion. (A) Domain structure of KlMyo1 and its primary sequence identities compared to ScMyo1. The blue bar represents a compar-
ison of the deduced amino acid sequences. Numbers above depict the residues of ScMyo1, numbers below those of KlMyo1 fromN- to C-termini. Regions of higher than average identities
are depicted in dark blue, with the values indicated. Functional domains are depicted above in light blue bars. See text for details and references. (B) Genomic organization and deletion of
KlMYO1. Light gray bars depict the genomic locus of KlMYO1 and its ﬂanking sequences. Black arrows designate the open reading frames, with gene names adapted to their homologs from
S. cerevisiae. The lower bar shows the organization after substitution of thewild-type geneby the kanMXdeletion cassette. Small arrows abovewith numbers designate the oligonucleotide
primers used for veriﬁcation of chromosomal organizations by PCR. (C) Tetrad analysis of a heterozygous diploid carrying aKlmyo1deletion. Segregants from strainDSA01were allowed to
germinate and grow for 3 days at 30 °C on richmedium (left) and then replica-plated ontomediumcontaining G418 (right), showing the expected 2:2 segregation for the deletionmarker
after overnight incubation at 30 °C. (D) Phenotypes of haploid Klmyo1 deletions. Drop dilution assays of a wild-type segregant (strain KDR39-2B) and two segregants carrying the Klmyo1
deletion (strains KDR38-1D and KDR39-7A) were spotted in 10-fold dilutions onto YEPD plates and incubated for 2–3 days at the temperatures indicated. (E) Complementation of a
Scmyo1 deletion by episomal KlMYO1. The heterozygous diploid strain DAT01 was used to introduce plasmid pDR56 with selection for leucine prototrophy, sporulated and subjected
to tetrad analysis. Growth on rich medium for 3 days and replica-plating showed that all viable deletion clones carried the plasmid-borne KlMYO1 gene. (F) Complementation of a
Klmyo1 deletion by episomal ScMYO1 and KlMYO1. The plasmids pCXs20, pDR57, and pDR58, carrying the genes as indicated, were introduced into the haploid Klmyo1 deletion strain
KDR38-1D and selected for leucine prototrophy. Upper left quadrant: Drop dilutions assays were performed on YEPD and plates were incubated for 2 days at the temperatures indicated.
For FACS analyses (other three quadrants), transformantswere grown overnight in liquidmedium lacking leucine at 30 °C and then shifted for 5 h to YEPD, and stained for DNAwith Sytox
green. Cells (105) were counted in each case. FACS analyses were performed for two independent segregants for each strain with similar results; a representative result is shown.
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tetrads generating four viable clones displaying the expected 2:2 segre-
gation for the deletion marker) demonstrated that the episomal heter-
ologous KlMYO1 gene can complement the defect (Fig. 1E). Likewise,
drop dilution assays and FACS analyses demonstrated that plasmid-
encoded ScMYO1 could rescue the temperature sensitive growth
defect and the aberrant cellmorphologies in aKlmyo1 deletion observed
at 35 °C and 30 °C, respectively, similar to the complementation by the
KlMYO1 gene (Fig. 1F). These results suggest that the Myo1 homologs
from the two organisms are functionally conserved.
3.2. KlMyo1 deletion strains show morphological defects consistent with a
cytokinesis defect
Next, we investigated the phenotype of the Klmyo1 null strains in
more detail. First, microscopic examination showed that cells carrying
a Klmyo1 deletion displayed an abnormal budding pattern at thepermissive temperature (30 °C) with several buds emerging from
each mother cell. This phenotype was strongly aggravated when cells
were shifted to 37 °C (Fig. 2A). FACS analyses conﬁrmed that liquid cul-
tures of the Klmyo1 deletions contained a high percentage of morpho-
logically aberrant cells even at the permissive temperature; this
percentage was drastically increased after a shift to the restrictive tem-
perature (Fig. 2B).
The aberrant morphology was also conﬁrmed by scanning electron
microscopy (SEM), which revealed a high number of multibudded
cells at the permissive temperature, with one mother cell carrying
buds of various sizes (Fig. 2C).
In order to gain insight into themorphology at the bud neck, images
from transmission electron microscopy (TEM) were employed. As evi-
dent from Fig. 2D, during cytokinesis, the bud neck of K. lactis develops
a primary septum coincident with plasma membrane contraction, very
similar to S. cerevisiae [6]. The architectural features are further con-
served, as primary septum formation is followed by the deposition of
Fig. 2.Morphological defects displayed byKlmyo1 deletions. (A)Microscopic examination at 30 and 37 °C. Cells as indicated (wild type= strain KDR38-4A;Klmyo1Δ= strain KDR38-1D)
were grown to logarithmic phase in rich medium overnight at the indicated temperatures and chitin was stained with Calcoﬂuor white. DIC images are shown in light gray, ﬂuorescence
images with dark background. Representative images of more than 20 cells examined for each strain are shown. (B) FACS analyses. Cells fromwild type (strain KDR39-2B) and a Klmyo1
deletion (strain KDR38-1D) were grown in YEPD, sonicated and subjected to FACS to determine cell size (particle size = Y-axis) and DNA content (Sytox Green ﬂuorescence = X-axis).
For each quadrant, the relative distribution of cells is indicated in % from total, with quadrant Q3 representing normal shaped cells with one or no bud, and quadrant Q2 representing cells
with more than one bud. Cells (105) were counted in each case. (C) Scanning electron micrographs of cells from wild type (strain KDR38-4A) and a Klmyo1 deletion (strain KDR38-1D)
grown at 30 °C in YEPD. Here and in the following TEM analysis, representative images of more than 10 cells examined for each strain are shown. (D) Transmission electron micrographs
of the budneck region during cytokinesis of cells fromwild type (strain KDR38-4A) and aKlmyo1 deletion (strain KDR38-1D andKDR38-5A) grown inYEPD at the temperatures indicated.
PS = primary septum; SS = secondary septa.
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more narrow in K. lactis (approximately 500 nm in diameter at the start
of cytokinesis) as compared to that of haploid S. cerevisiae cells (approx-
imately 1 μm; [2]), with the smaller neck size attributed to the smaller
cell size. More importantly, although a primary septum was formed in
Klmyo1 segregants when cells were grown at the permissive tempera-
ture, it either did not properly close after plasma membrane ingression
(e.g. forming donut-shaped structures) or was not formed at all at the
restrictive temperature. Instead, the lateral cell wall became much
thicker at the budneckof dividing cells lackingKlMyo1,whichultimate-
ly would also compress the plasma membrane and provide a means of
cell separation after subsequent glucanase action.
These results suggest that cytokinesis in K. lactis is mediated by
KlMyo1 as part of the AMR much like in S. cerevisiae, and that similar
mechanisms can compensate for the lack of Myo1 in both yeasts. Yet,this lack can be more easily compensated in K. lactis, as suggested by
the viability of the null mutants.
3.3. KlMyo1 localizes to the bud neck in conjunction with actin
To further investigate the possible role of KlMyo1 in cytokinesis,
we examined its localization in wild-type K. lactis cells. Based on the
morphological results shown above, we hypothesized that KlMyo1
would be present at the bud neck during cytokinesis. Indeed, ﬂuores-
cently tagged versions of KlMyo1, using mCherry, accumulated at the
bud neck in vivo (Fig. 3B). Next, we wanted to determine if KlMyo1
colocalized with actin at the bud neck. However, this proved to be
more difﬁcult than expected. Standard rhodamine/phalloidin staining
gave poor signal intensities in K. lactis. Moreover, Lifeact constructs,
which worked for S. cerevisiae and for Ashbya gossypii in our laboratory,
Fig. 3. Localization of KlMyo1 and actin in K. lactis. Fluorescence microscopy of K. lactis cells carrying the KlLifeAct construct pDR35 (A) and simultaneously producing a KlMyo1–mCherry
fusion protein from the chromosomal locus in strain KDR40-8A (B). DIC images (left pictures in light gray) and ﬂuorescent images (dark background with white ﬂuorescence signals;
wavelengths for excitation 480 nm and 550 nm, and for emission 510 nm and 580 nm, for GFP and mCherry, respectively), as well as the overlays (colored images) of cells during cyto-
kinesis are shown. For timing of the KlMyo1–mCherry signal see Fig. 6.
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Lifeact probe for in vivo investigation of actin distribution (Fig. 3A).
These images demonstrate that the actin cytoskeleton inK. lactis is orga-
nized like in S. cerevisiae, with actin patches accumulatingpredominant-
ly in the growing bud and actin cables spanning from the mother into
the daughter cell. As expected, the KlLifeact probe also colocalized
with KlMyo1–mCherry at the bud neck (Fig. 3B and Supplementary
Fig. S2).3.4. KlHof1 and KlCyk3 regulate cytokinesis in K. lactis
Two proteins, Hof1 and Cyk3, with at least partially overlapping
functions have been described as key regulators of cytokinesis in
S. cerevisiae [8,10,11,14,16,45]. A BLAST search revealed that one homo-
log for each of the encoding genes also exists in the K. lactis genome
(KLLA0C12551g and KLLA0E09043g, respectively; Supplementary
Table S2). Thus, we investigated the possible function of KlHof1 and
KlCyk3 in the molecular control of cytokinesis in the milk yeast. From
the deduced amino acid sequence, an overall identity of 33% (ScHof1/
KlHof1) and 42% (ScCyk3/KlCyk3) was calculated; the SH3 domains,
which are necessary for protein interactions, showed a high degree of
conservation (Fig. 4A and D). For Hof1, the coiled-coiled region pro-
posed to interact with septins was also conserved, as are the four phos-
phorylation sites targeted by Dbf2 in S. cerevisiae, i.e. S313, S533, S563
(T in KlHof1), and S421 (T in KlHof1; [15,16]).The diploid strain KHO60was employed as a recipient to obtain het-
erozygous deletions of each gene (Klhof1::ScURA3/KlHOF1 and Klcyk3::
ScURA3/KlCYK3, respectively) by one-step gene replacement (Fig. 4B
and E). On rich medium at 30 °C, the Klhof1 deletion strain yielded
only two viable segregants, which were all auxotrophic for uracil, indi-
cating that the deletion is not viable under these conditions. However,
when tetrads were dissected on medium containing 1 M sorbitol and
allowed to germinate at 25 °C, more than two viable segregants were
frequently obtained (Fig. 4C), with at least one (for tetrads with three
viable spores) or two of them (for tetrads with four viable spores)
carrying the deletion marker. The latter segregants lacked the ability
to grow on medium without osmotic stabilization at 30 °C (data not
shown). No viable haploid segregants carrying the deletion marker for
Klcyk3 could be obtained after tetrad dissection on any media and tem-
perature (no more than two viable spores in 18 tetrads dissected for
each strain and condition), demonstrating that KlCYK3 is essential in
marked contrast to its S. cerevisiae homolog (Fig. 4F).
Complementation studies using episomal vectors revealed that
KlHOF1 complemented the temperature-sensitive growth defect of a
Schof1 deletion (Fig. 5A) and that KlCYK3 can rescue the synthetic
growth defects of a strain lacking both SH3 domains in the genes
encoding the S. cerevisiae proteins (i.e. a Schof1ΔSH3 Sccyk3ΔSH3 strain;
Fig. 5B). Likewise, ScHOF1 conferred growth to the Klhof1 deletion at
30 °C without osmotic stabilization, and ScCYK3 complemented the
Klcyk3 deletion to produce viable segregants (Fig. 5C). We conclude
that the K. lactis proteins are indeed functional homologs of their
Fig. 4. Features and phenotypes of KlHOF1 and KlCYK3 and their deletions. (A and D) Domain structures of KlHof1 and KlCyk3, respectively. The blue bar represents a comparison of the
deduced amino acid sequences. The numbers above depict the residues of the S. cerevisiae homologs, the numbers below those of the K. lactis proteins from N- to C-termini. Regions of
higher than average identities are depicted in dark blue, with the values indicated. Functional domains are depicted above in smaller colored bars. Residues shown to be phosphorylated
in Hof1, which are conserved in both species, are indicated by colored triangles. Important domains and residues for ScHof1 have been adapted from [15,16,19]. The blue triangle in Cyk3
depicts a conserved proline-richmotif. The domain structure has been assigned according to [45]. See text for further details and references on both proteins. (B and E) Organization of the
chromosomal loci ofKlHOF1 and KlCYK3, respectively, and their deletionmutants. Light gray bars depict the genomic loci of the genes indicated and their ﬂanking sequences. Black arrows
designate the open reading frames, with gene names adapted to their homologs from S. cerevisiae. The lower bar shows the organization after substitution of the wild-type gene by the
ScURA3 deletion cassette. Small arrows above with numbers designate the oligonucleotide primers used for veriﬁcation of chromosomal organizations by PCR. (C) Tetrad analyses of a
heterozygous diploid strain carrying a Klhof1 deletion (KHO60/Klhof1Δ). Tetrads were segregated on YEPD and allowed to germinate for 3 days at 30 °C. After replica-plating onto
YEPD (left panel) andmedium lacking uracil (middle panel), they were allowed to grow overnight, again at 30 °C. Tetrads from the same heterozygous diploid were also allowed to ger-
minate onYEPD supplementedwith 1M sorbitol at 25 °C for 5 days (right panel). (F) Tetrad analysis of a heterozygousdiploid strain carrying aKlcyk3deletion (KHO60/Klcyk3Δ= KNH8).
Tetradswere segregated onYEPD andallowed to germinate for 3 days at 30 °C. After replica-plating onto YEPD(left panel) andmedium lacking uracil (middle panel), theywere allowed to
grow overnight, at 30 °C.
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expression of KlCYK3 in a K. lactis wild-type background under the
control of the ScGAL1 promoter led to a marked growth defect at 30 °C
on lactose medium, and cells did not grow at all at 36 °C. In contrast,
overexpression of KlHOF1 did not impair growth under the conditions
tested (Fig. 5D), but was able to suppress the growth defects associated
with theKlCYK3 overexpression.Microscopic examination of the culture
overexpressing KlCYK3 at 30 °C showed the appearance of longer cell
chains, indicating that high intracellular levels of the protein cause a
deregulation of cytokinesis in K. lactis (Fig. 5E).
As expected from the functional complementation assays, GFP-
tagged KlCyk3 localized to the bud neck during cytokinesis in a haploid
K. lactis strain (Fig. 6B). Colocalizationwith the KlMyo1–mCherry fusion
indicated that KlCyk3 appears at the bud neck towards the end of AMR
constriction, much like its S. cerevisiae counterpart (Fig. 6E; [8]). In con-
trast, KlHof1–GFP encoded at its chromosomal locus did not localize to
the bud neck region in K. lactis cells. Moreover, diploid strains homozy-
gous for this GFP fusion displayed morphological defects with largely
elongated cells not being separated properly (not shown). These results
suggest that the fusion protein may not be fully functional. Therefore,
an N-terminal GFP–KlHof1 fusion was obtained and introduced on asingle-copy vector into a haploid K. lactis strain also carrying the
KlMyo1–mCherry fusion. Cells carrying this plasmid did not display
any morphological defects and the GFP signal localized to the bud
neck during cytokinesis, as expected (Fig. 6C). The localization of GFP–
KlHof1 resembled that of ScHof1–GFP fusions in S. cerevisiae: ﬁrst it
appeared to form a double ring structure, which then converged into a
single ring at the beginning of actomyosin ring constriction, and
redistributed to two rings after completion of its constriction. These
ring structures were difﬁcult to resolve because of the smaller bud
neck in K. lactis. In addition, GFP–KlHof1 resided for a slightly shorter
period than KlCyk3–GFP at the bud neck, as judged from the kymo-
graphs (Fig. 6E); this may be due to the weaker signal when Hof1 splits
into double rings. The KlHof1–GFP in S. cerevisiae also clearly displayed
the convergence and separation of the double ring structures described
(Supplementary Fig. S3).
3.5. KlInn1 is essential and localizes with KlHof1 and KlCyk3 at the bud neck
Hof1 and Cyk3 have been shown to interact via their SH3-domains
with distinct proline-rich motifs (PRMs) of Inn1 in S. cerevisiae [8,11,
12]. The latter protein has been suggested tomediate plasmamembrane
Fig. 5. Complementation and overexpression studies with KlHOF1 and KlCYK3. (A) The Schof1 deletion strain HAJ67-B was used to introduce an empty shuttle vector (vector= pCXs22),
a plasmid carrying the ScHOF1 gene (pAJ023), or a plasmid carrying the KlHOF1 gene (pNH110). Transformants selected onmedium lacking uracil and supplemented with 1M sorbitol at
25 °C were streaked out for single colonies on the same medium and on selective medium without sorbitol. Plates were incubated for 3 days at the temperatures indicated and scanned
for documentation. (B) S. cerevisiae strain DAJ34, which is heterozygous for truncations of Schof1 and Sccyk3 lacking their SH3 encoding sequences, was used as a recipient for plasmid
pNH122 (carrying KlCYK3) and transformants were sporulated and subjected to tetrad analysis. Segregants with both deletion markers that also carry the plasmid are highlighted with
yellow circles. Segregants carrying both deletion markers but not the plasmid form smaller colonies (circled in red). (C) Complementation of the K. lactis deletions by the respective
S. cerevisiae genes. The heterozygous diploid strains Os193 (Klhof1/KlHOF1) and Os204 (Klcyk3/KlCYK3) were used to introduce plasmid pNH75 (ScHOF1) and pJJH1825 (ScCYK3), respec-
tively. One transformant of each strain carrying the plasmid was sporulated and subjected to tetrad analysis. Segregants from strain Os193 were allowed to germinate on YEPD supple-
mented with 1 M sorbitol at 25 °C. Those from strain Os204 were segregated on YEPD and incubated at 30 °C. After colony formation, segregants were replica-plated onto the media
indicated and incubated at 30 °C. Since a 2:2 segregation is expected for the respective deletion allele, more than two viable segregants growing on YEPD at 30 °C indicate complemen-
tation by the respective plasmid. Deletion segregants complemented by the plasmid-borne allele are highlighted by circles. (D) Drop-dilution assay of K. lactis cells overexpressing KlCYK3
andKlHOF1. Strain KNH30-8B,which expresses the genomic copyofKlCYK3under the control of the ScGAL1 promoter, was tested for growth on syntheticmediumwith the carbon sources
and at the temperatures indicated. Ten-fold dilutions were spotted and growth was monitored after 3 days of incubation. Strains employed were: wild type = KNH30-5A, GAL1p-
KlHOF1= KNH30-10B, GAL1p-KlCYK3= KNH30-8B, GAL1p-KlCYK3/GAL1p-KlHOF1= KNH30-10A. (E) Morphology of cells overexpressing KlCYK3. DIC images and ﬂuorescence images
(for Calcoﬂuor white staining, CFW) were taken from cells of strain KNH34 grown on synthetic medium with lactose as a carbon source.
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has been suggested that Inn1 plays a role in the regulation of the chitin
synthase 2 isozyme,which is responsible for the formation of the prima-
ry septum [14]. A schematic comparison of the deduced amino acid se-
quence of ScInn1 with that of its K. lactis homolog is depicted in Fig. 7A.
Clearly, both the C2 domain, which is thought to interact with mem-
brane lipids, and at least one of the PRMs, are conserved (with two
other proline-rich regions being rather degenerated). Moreover, four
out of ﬁve putative phosphorylation sites in the C-terminal half are
retained; these phosphorylation sitesmediate cell cycle-dependent reg-
ulation in S. cerevisiae (T182 and S376 are substituted by S and T, respec-
tively, in KlInn1, S364 and S398 are conserved, and T349 localizes
within a small gap and is missing from the KlInn1 sequence [10]). Nota-
bly, a small region rich in basic amino acids, starting at position 256 in
KlInn1, appears to be highly conserved (Fig. 7A).
Fluorescence microscopy showed that, as expected, KlInn1–GFP lo-
calized to the bud neck during cytokinesis (Fig. 6D). Although timingof events is more difﬁcult to monitor in K. lactis as compared to
S. cerevisiae due to the smaller bud neck, KlInn1–GFP seemed to appear
shortly after AMR constriction, as it did not colocalize with KlMyo1–
mCherry (Fig. 6E).
Similar to S. cerevisiae, Klinn1 deletion was lethal, as shown by
the construction of a heterozygous deletion in the KHO60 strain with
subsequent tetrad analysis (Fig. 7B and C). However, unlike Klhof1 and
Klcyk3 studied in the previous section, the Klinn1 deletion was not
complemented by introduction of the ScINN1 homolog (Fig. 7E; third
from top), and the KlINN1 gene did not rescue the lethal phenotype of
a Scinn1 deletion (Fig. 7D). Thus, despite the sequence similarity, Inn1
seems to act in a species-speciﬁc manner.
To determinewhich domains are responsible for this feature, hybrid
genes were constructed, switching the parts encoding the N-terminal
halves carrying the C2 domain, and tested for their complementation
of the deletion mutants. Constructs carrying the C2 domain from
S. cerevisiae complemented only the Scinn1 deletion and those with
Fig. 6. Spatio-temporal localization of KlCyk3–GFP, GFP–KlHof1 and KlInn1–GFP fusions at the bud neck of K. lactis cells relative to that of KlMyo1–mCherry. Pictures were taken for cells
growing on synthetic glucose medium at the time intervals indicated, with the complete constriction and disappearance of the mCherry signal set as time 0. (A) Duration of KlMyo1–
mCherry at the bud neck. The KlMYO1–mCherry construct was obtained at the native locus and the haploid strain KNH37 was employed. (B) Duration of the KlCyk3–GFP signal at the
bud neck. Strain KNH37, which also encodes the GFP fusion protein at the native KlCYK3 locus, was monitored. (C) Duration of the GFP–KlHof1 signal at the bud neck. Strain KDR40-
8A, which carries the KlMYO1–mCherry construct at the native locus, was used as a recipient for the centromeric plasmid pJJH1827 (GFP–KlHOF1). A transformant grown on selective
medium lacking leucine was monitored. (D) Duration of the KlInn1–GFP signal at the bud neck. Again, strain KDR40-8A was used as a recipient, this time for introducing the mulitcopy
plasmid pNH117 (KlINN1–GFP). Synthetic medium lacking uracil was used for selective growth of a transformant andmonitoring the GFP signal. Note that strains expressing KlINN1–GFP
froma single copy variant followed a similar time course, albeitwithmuchweaker signals (not shown). (E) Kymographs comparing the strength andduration of the signals at the budneck
in K. lactis during cytokinesis.
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and data not shown), indicating that interaction with Chs2 and/or with
the plasma membrane may be species-speciﬁc.
No function has been assigned to the conserved basic region at posi-
tion 256 described above. Thus, we substituted all lysine residues either
for arginines or for alanines within the KlINN1 gene carried on an epi-
somal vector. Tests for complementation of the lethality of Klinn1::
ScLEU2 in the heterozygous diploid strain followed by tetrad analysis
yielded viable deletion segregants with complementation for both con-
structs, indicating that this sequence is not essential for KlInn1 function
(Supplementary Fig. S4).
4. Discussion
Here, we began an investigation of the molecular mechanisms un-
derlying cytokinesis in themilk yeast K. lactis. This studywas prompted
by several incentives: (i) Yeast cytokinesis shares several features withthat of mammalian cells, but is more readily amenable to genetic and
biochemical studies [2]. (ii) In contrast to S. cerevisiae, K. lactis has not
specialized on alcoholic fermentation and thus its physiology is more
reminiscent of mammalian cells (for a discussion of the general features
of K. lactis see [20]). (iii) K. lactis has not undergone a whole genome
duplication and thus the problem of redundancy in gene functions can
be avoided [31]. (iv) Despite considerable progress in S. cerevisiae, the
exact functions of the key cytokinesis regulators Inn1, Hof1 and Cyk3
have not yet been fully elucidated [2]. Therefore, the establishment of
another yeast model may be of value.
The morphological hallmarks of cytokinesis are quite similar in
K. lactis and in S. cerevisiae: both are budding yeasts with a cell wall
composed of glucans, mannoproteins and chitin [29]. We have shown
that a structure reminiscent of a primary septum is formed during
cytokinesis and subsequently enforced by the deposition of cell wall
material in secondary septa. The conservation of genes involved in
the formation of the primary chitinous septum (CHS2) and of those
Fig. 7. Features and phenotypes of KlNN1 and its deletion. (A)Domain structure of KlInn1 as compared to that of ScInn1. The shadedbluebar represents a comparisonof thededuced amino
acid sequences. Numbers above depict the residues of the ScInn1, numbers below those of theK. lactis homolog fromN- to C-termini. Regions of higher than average identities are depicted
indarkblue, comprisingmainly theC2domain,which is designated as a smaller light blue bar above. Residues shown to bephosphorylated by a cyclin-dependent kinase in ScInn1 [18] and
the proline richmotifs, which are conserved in both species, are indicated by colored triangles. A conserved lysine-rich sequence with unknown function is also highlighted. (B) Genomic
organization and deletion of KlINN1. Light gray bars depict the genomic locus of KlINN1 and its ﬂanking sequences. Black arrows designate the open reading frames, with gene names
adapted to their homologs from S. cerevisiae. The lower bar shows the organization after substitution of thewild-type gene by the ScLEU2 deletion cassette. Small arrows abovewith num-
bers designate the oligonucleotide primers used for veriﬁcation of chromosomal organizations by PCR. (C) Tetrad analysis of a heterozygous diploid carrying the Klinn1 deletion. Segre-
gants from strain KNH10 were allowed to germinate and grow for 3 days at 30 °C on rich medium (left) and then replica-plated onto medium lacking leucine (right), to demonstrate
that viable segregants did not carry the deletionmarker. (D) Complementation analysis of a Scinn1deletionwith KlINN1. Segregants from S. cerevisiae strainDAJ24were used as a recipient
for plasmid pJJH1008 and a transformantwas sporulated, tetradswere dissected and segregants were allowed to germinate and grow for 3 days at 30 °C on richmedium (left). Theywere
then replica-plated onto medium containing G418 (right) and onto medium lacking uracil, showing that none of the viable segregants carried the deletion marker although most viable
segregants retained the plasmid. For the same recipient strain, a plasmid carrying ScINN1 did confer growth to segregants carrying the deletionmarker (not shown). (E) Complementation
of theKlinn1deletion by full-length and chimeric constructs encoding Inn1proteins from K. lactis and S. cerevisiae. Tetrads from theheterozygous diploid strain as indicatedwere separated
on YEPD plates and allowed to germinate for 3 days at 30 °C. Clones highlighted by circles were able to grow on medium lacking either leucine or uracil after replica-plating, indicating
that they carry the deletion and the indicated construct on an episomal plasmid. Plasmids employed were: vector= pCXs22, KlINN1= pNH109, ScINN1= pNH76, KlScINN1= pNH139,
ScKlINN1= pNH138.
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the notion that similar mechanisms may be operating (Supplementary
Table S2), with functional studies yet to be performed.
Like in S. cerevisiae, a Klmyo1 deletion leads to the formation of aber-
rant primary septa with curved structures, probably due to a failure of
proper AMR constriction [6]. Concomitantly lateral cell wall material is
hyperaccumulated in the Klmyo1 deletion and pushes inward to reduce
the diameter of the cytoplasmic bridge between mother and daughter
cell. Yet, KlMyo1 seemed to be largely dispensable for cell proliferation
and growth of the yeast culture at 30 °C, where the majority of cells
were able to complete cell separation. This provides a distinct experi-
mental advantage over S. cerevisiae, in whichmyo1 deletions are lethal
in some strain backgrounds and severely impaired in others [6]. Since
cross-complementation is observed for both homologs despite of their
considerable primary sequence variations, the lack of a strong growth
phenotype cannot be attributed to inherent features of KlMyo1. Rather,it may be related to the different cell sizes. K. lactis cells and their bud
necks are considerably smaller than those of S. cerevisiae,with the diam-
eter of the bud neck prior to AMR constriction of approximately 500 nm
as compared to 1 μm in S. cerevisiae. It has been proposed that viable
Scmyo1 deletions can perform cytokinesis in the absence of AMR con-
striction because approximately 50 vesicles may be sufﬁcient to close
the gap between plasmamembranes [2]. Consistent with this hypothe-
sis, in K. lactis as few as 13 vesicles may fulﬁll the same task (i.e. an area
of 0.78 μm2 to cover in S. cerevisiae versus 0.20 μm2 in K. lactis).
Our data indicate that wild-type K. lactis employs an AMR in normal
cytokinesis. In addition to the functional conservation of the Myo1 ho-
mologs, KlMyo1–mCherry localized to the bud neck during cytokinesis,
colocalized with actin, and then constricted in a spatio-temporal man-
ner similar to its S. cerevisiae counterpart. However, K. lactis actin and
its binding proteins apparently have some unique features: although
highly conserved, two residues are different from other actin sequences
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Arg at position 372; see Supplementary Table 1 and Supplementary
Fig. S5). These differences may explain the decreased efﬁciency of rho-
damine/phalloidin staining and other yeast Lifeact constructs. Since
Lifeact is able to detectmost F-actin forms [32], we created anoptimized
version for K. lactis, which uses the actin binding site of KlAbp140 (the
homolog of the S. cerevisiae actin binding protein Abp140); KlLifeact
should serve as a valuable tool for future research on cytokinesis andpo-
larized growth in this yeast.
Surprisingly, Klcyk3 deletion is lethal, in contrast to baker's yeast, in
which Cyk3 and Hof1 are thought to serve overlapping functions in the
activation of Chs2 and primary septum formation. Because these events
are coordinated with AMR constriction, lack of both regulators is detri-
mental in S. cerevisiae [14]. In K. lactis, overexpression of KlHOF1 did not
rescue the deletion of the KlCYK3 gene, indicating that it cannot substi-
tute for the essential function (unpublished results). One explanation
would be that both proteins form a stable trimeric complex in K. lactis
with KlInn1. Since Inn1 is essential in both species and required for
Chs2 activation and AMR constriction in S. cerevisiae, it may form an
active dimeric complex with either ScHof1 or ScCyk3. If indeed
the heterotrimer would be formed in K. lactis, a heterodimer (KlInn1-
KlHof1)would lack sufﬁcient activity. Since the Klhof1 deletion is viable
on medium with osmotic support, one would postulate that a KlInn1-
KlCyk3 dimer would retain a residual activity sufﬁcient to allow for
growth. Nevertheless, cross-complementation analyses showed that
CYK3 and HOF1 are functional homologs. Moreover, GFP fusions of
both proteins localize to the bud neck during cytokinesis with similar
spatiotemporal dynamics as their homologs in S. cerevisiae. Interest-
ingly, a C-terminal fusion of GFP to KlHof1 was not fully functional,
but N-terminal GFP fusions localized as expected. This suggests that
interactions with the C-terminal SH3 domain of Hof1 may be impaired
by addition of fusion tags. In addition, unpublished data from our labo-
ratory indicate that ScHof1 function was also slightly impaired by C-
terminal fusions. This ﬁnding is consistent with published data showing
that ScHof1 also has a C-terminal dependent function in polarized
growth through an interaction with the formin Bnr1 [33]. A homolog
of Bnr1 is also present in K. lactis (Supplementary Table S2).
To further investigate the function of the essential proteins KlCyk3
and KlInn1, a tightly controlled conditional expression system for the
K. lactis genes would be required.We tried several regulated promoters
(ScGAL1/10p, KlLAC4p, [34], and KlICL1p [35]), but could not achieve a
tight repression (unpublished results). In contrast, overexpression
from the ScGAL1/10 promoter on lactose or galactose medium had
been established in K. lactis [21].We found that galactose-induced over-
expression of KlCYC3 causedmorphological defects, where cells failed to
separate and accumulated chitin at the persistent bud necks, similar to
S. cerevisiae. This morphological defect has been attributed to excessive
and delocalized chitin synthesis caused by deregulation of Chs2 [10].
Importantly, deletion of a K. lactis chitinase gene (KlCTS1) required for
cell separation displayed a very similar phenotype [36], suggesting
that KlCYK3 overexpression likely caused an excessive chitin deposition,
which cannot be sufﬁciently degraded by wild-type KlCts1 levels to
allow cell separation. Interestingly, a simultaneous overexpression of
KlHOF1, although not causing a phenotype by itself, suppressed the
growth defects of a KlCYK3 overexpression. This indicates that an imbal-
ance of intracellular KlCyk3 concentration titrates a factor necessary for
proper cytokinesis, whichmay well be KlInn1. Leveling the KlHof1 con-
centration would then counteract this titration and also argues that a
trimeric complex (KlCyk3–KlInn1–KlHof1) may be formed, consistent
with the time course of appearance of the three proteins at the bud
neck (see below).
We showed here that KlMyo1–mCherry resided for approximately
20min at the bud neck and disappeared shortly before the bud separat-
ed from the mother cell. Likewise, the K. lactis homologs of Cyk3, Hof1
and Inn1 accumulated at the bud neck during cytokinesis. Similar to
S. cerevisiae, KlCyk3–GFP appeared towards the end of AMR constrictionand was present for approximately 10 min. This timing is consistent
with a function of KlCyk3 in primary septum synthesis coordinated
with AMR constriction [8,16]. GFP–KlHof1 also appeared at the bud
neck when AMR constriction started. In contrast, ScHof1 has an earlier
appearance [8]. KlInn1–GFP resided at the bud neck for only a few mi-
nutes and was detectable mostly after KlMyo1–mCherry disappeared,
indicating that it is either not involved in the regulation of primary sep-
tum synthesis or is present at barely detectable levels, that may be suf-
ﬁcient to fulﬁll its function. Nevertheless, the massive accumulation of
KlInn1–GFP after AMR constriction is consistent with the hypothesis,
that Inn1 may be involved in mediating plasma membrane abscission
[8,12]. In this context, it is interesting that the C2 domain of Inn1 con-
ferred species speciﬁcity, since only hybrid proteins carrying the “na-
tive” C2 domain were capable of complementation. The C2 domain
has been shown to confer activation of Chs2 in S. cerevisiae [14], and
conferred Inn1 function, even if it was artiﬁcially targeted to the AMR
[12]. Whether species speciﬁcity is conferred solely by the interaction
of the C2 domains (with different afﬁnities) with Chs2 or if separate
functions (such as membrane interactions) are impaired in the heterol-
ogous host remains to be determined.
Taken together, our data indicate that despite a certain degree of
similarity in the morphogenic processes governing cytokinesis in
K. lactis and S. cerevisiae, there are important differences regarding the
importance of AMR constriction and its regulation. Although several de-
tails remain to be addressed, this work provides the ﬁrst concise analy-
sis of cytokinesis in K. lactis and the tools developed here will be crucial
for further studies of cell polarity and cytokinesis in this yeast.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.07.020.
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